The 13q21 tumor suppressor locus, as defined by chromosomal deletion, harbors the KLF5 transcription factor which may have tumor suppressor function. To investigate whether KLF5 plays a role in breast cancer, we evaluated all genes and/or expressed sequence tags (ESTs) within a 3.3 Mb common region of deletion at 13q21. Of these, only KLF5 mRNA was expressed at high levels in non-neoplastic breast epithelial cells and in normal human mammary tissue, but at lower levels in various breast cancer cell lines. Using the real time TaqMan PCR assay, hemizygous deletion at KLF5 was detected in 13 out of 30, or 43% of breast cancer cell lines tested, and various degrees of loss of expression were detected in 21 out of 30, or 70% of these cell lines. Each of the cases with hemizygous deletion also exhibited loss of KLF5 expression, suggesting that loss of expression can result from chromosomal deletion, and that KLF5 may undergo haploinsufficiency during carcinogenesis. Only one of the 30 breast cancer cell lines tested exhibited a mutation in KLF5, and neither promoter methylation nor homozygous deletion was detected in any of the cell lines. In contrast, loss of heterozygosity (LOH) was frequently detected at KLF5. Re-expression of wild-type KLF5 in T-47D breast cancer cells significantly inhibited colony formation in these cells. Of the KLF5-transfected clones that did form colonies, none were found to express KLF5 mRNA. These findings suggest that loss of function by deletion and/or loss of expression frequently occurs at KLF5, and KLF5 suppresses tumor cell growth in breast cancer.
Introduction
It has been well established that breast cancer can arise from specific genetic alterations, including the inactivation of tumor suppressor genes. Chromosomal deletion is a typical characteristic of tumor suppressor gene inactivation. Thus, the identification of regions of chromosomal deletions has been widely used to localize such genes in cancer. The q21 band of chromosome 13 (13q21) has been identified in various comparative genomic hybridization (CGH) 3 analyses as a region that is frequently deleted in breast cancer; 13q21 has been reported to be deleted in as many as 37% of breast tumors analysed (Kainu et al., 2000; Knuutila et al., 1998; Roylance et al., 1999; Tirkkonen et al., 1997) . In addition to sporadic tumors, somatic deletion at 13q21 also often occurs in hereditary breast cancer (Kainu et al., 2000; Tirkkonen et al., 1997) . Furthermore, higher grade breast cancers more frequently exhibit deletions at 13q21 than do lower grade tumors (Roylance et al., 1999) . These studies suggest that one or more tumor suppressor genes are localized at 13q21 and may play an important role in breast cancer.
Deletion at 13q21 also occurs in other types of cancer. About 200 CGH studies of over 70 types of human malignancies demonstrated that 13q21 was the second most frequently deleted region, occurring in 47% of all tumors analysed (Knuutila et al., 1998) . In our previous analyses, deletion at 13q21 was detected in carcinomas of the breast, cervix, endometrium, ovary, and prostate. Among these tumor samples, a common region of hemizygous deletion was defined within a 3.3 Mb segment at 13q21, and this deletion occurred most frequently in breast cancer (12 out of 18, or 67%) among the various cancers analysed (Chen et al., 2001; Dong et al., 2000; Hyytinen et al., 1999) .
In this study, we analysed 30 breast cancer cell lines to identify the target gene deleted at 13q21. It has been previously demonstrated that 13q21 harbors KLF5, a member of the Kruppel-like family of transcription factors (KLFs). Some of the KLFs, i.e., KLF4 and KLF6, have been shown to function as tumor suppressor genes. By evaluating the individual genes and ESTs located within the common region of deletion at 13q21, we found that KLF5 is the only gene that frequently exhibited hemizygous deletion and loss of expression. Gene mutation, promoter methylation, and homozygous deletion were rarely detected in any of these samples. Functionally, KLF5 inhibited cell growth in vitro. These data suggest that functional inactivation of KLF5 frequently occurs in breast cancer.
Results
In previous studies, we identified a 3.3 Mb common region of deletion at 13q21 (Chen et al., 2001; Dong et al., 2000) . We first analysed all the possible genes and/ or ESTs in this region for expression in non-neoplastic and neoplastic breast epithelial cells. RT -PCR analyses of a normal mammary gland showed that, among 22 genes and/or ESTs tested, four (KLF5, PIBF1, WI-20990, and D13S829E) were highly expressed, two (stSG46189 and D13S1090E) were expressed at intermediate levels, four (stSG50450, stSG15188, 361B5-FE, and AA213647) had very low but detectable levels of expression, and 12 were not detectable (Figure 1) . In breast cancer cell lines, most of the genes and/or ESTs we evaluated were either unchanged or expressed at increased levels compared to the normal sample. Only KLF5 was expressed at lower levels in the majority of the cell lines analysed (four out of five, or 80%) (Figure 1 ). Loss of KLF5 expression was confirmed by Northern blot analysis, which showed lower levels of expression for KLF5 in seven out of eight breast cancer cell lines (Figure 2 ).
Because genomic deletion at 13q21 frequently occurs in breast cancer, we proceeded to examine 30 breast cancer cell lines and controls by duplex PCR analysis to determine whether KLF5 exhibited hemizygous or homozygous deletion. Although this procedure is less sensitive than real time PCR, we were still able to detect clear hemizygous deletion in eight out of 30, or 27% of the cancer cell lines we tested. Representative results from these experiments are shown in Figure 3 , and the results obtained from all 30 cell lines are summarized in Figure 4 . As expected, neither normal human placenta nor the immortalized non-neoplastic breast epithelial cell line (BRF-97T) showed a deletion ( Figure 3 ). The deletion occurred not only at KLF5, but also at its surrounding markers, indicating that the deletion encompasses a region that is larger than the KLF5 gene itself. We tested additional STS markers from the 3.3 Mb region of deletion, with the intention of defining a smaller region of deletion. Unfortunately, in all samples with KLF5 deletion, the STS markers also showed a deletion (data not shown). Furthermore, no homozygous deletions were detected in any of the cell lines.
To more accurately determine the extent and frequency of deletion and loss of expression for KLF5 in breast cancer, we performed real time TaqMan PCR using a pair of primers from exon 2 of the gene. As shown in Figure 4 , 13 out of 30, or 43% of the breast cancer cell lines we tested showed deletions at KLF5 and 21 out of 30, or 70%, showed varying degrees of loss of expression. Compared to the results from duplex PCR assays, deletion was detected in five additional cases using this more sensitive analysis. Whereas the KLF5 to b-actin ratio for expression was as low as 1% in some samples relative to that in control BRF-97T cells, the lowest ratio of KLF5 to KAI1 for hemizygous deletion was 32% of control, indicating that the deletion was most likely to be hemizygous (Figure 4 ). Using the HOMOD analysis, we then examined the allelic status of KLF5 with 10 polymorphic microsatellite markers surrounding the gene. As shown in Figure 4 , loss of heterozygosity (LOH) at KLF5 was detected in 19 out of 30, or 63% of the breast cancer cell lines tested, which appears to be more frequent than hemizygous deletion. To test whether KLF5 was mutated in breast cancers, we analysed each of its four exons by SSCP followed by DNA sequencing. Only one cell line, MDA-MB-231, exhibited a point mutation of A4G, which changed codon 294 from methionine to valine. This cell line also underwent deletion and loss of expression at KLF5 (Figures 1, 2 and 4). These data indicate that, whereas deletion at KLF5 occurs frequently in breast cancer, mutation of this gene is a relatively rare event.
Epigenetic promoter methylation is a well documented mechanism for the loss of expression for many tumor suppressor genes. Thus, we next examined the 632 bp GC-rich region of the KLF5 promoter and exon 1, to determine whether the promoter of this gene was methylated in breast cancer. No methylation was detected in any of the samples by methylation-specific PCR followed by either restriction enzyme digestion or by SSCP analysis ( Figure 5) .
To test the effect of KLF5 expression on cell growth, we transfected T-47D breast cancer cells with pcDNA-KLF5. T-47D cells express very low endogenous levels of KLF5 (Figure 2 ). As shown in Figure 6 , overexpression of KLF5 significantly reduced the colony forming efficiency in T-47D cells. Among the colonies that did form after transfection of KLF5, most lacked a functional KLF5, as KLF5 mRNA was undetectable in any of the 50 clones isolated from the transfection, as determined by Northern blot hybridization. In contrast, KLF5 expression was detected in clones isolated from a bladder cancer cell line transfected with pc DNA-KLF5 (data not shown). We also transfected pcDNA-KLF5 into MDA-MB-231 cells, with similar results as were obtained in T-47D cells.
Discussion
Each of the cell lines with hemizygous deletion at KLF5 exhibited loss of expression. On the other hand, there were six breast cancer cell lines that exhibited LOH, but not hemizygous deletion or loss of expression at KLF5. These results suggest that quantitative hemizygous deletion induces loss of expression and that, in the absence of quantitative hemizygous deletion, LOH is insufficient to induce loss of expression. Thus, KLF5 appears to undergo haploinsufficiency during breast carcinogenesis. In eight out of 30, or 27% of breast cancer cell lines that Figure 4 Summary of expression level, hemizygous deletion, and LOH at KLF5 in various nonneoplastic and neoplastic breast specimens. Expression is indicated by the ratio of KLF5 to b-actin which was normalized to that of BRF-97T control (100). Hemizygous deletion was defined by TaqMan analysis. LOH was determined by the HOMOD analysis. '7' indicates the occurrence of deletion or LOH, where '+' indicates the absence of deletion or LOH. Microsatellite markers and their allele status in each of the samples are also shown, with empty circles and filled circles indicating two alleles and one allele, respectively, for a marker in a sample. Consecutive markers indicating an LOH are underlined exhibited loss of expression, neither hemizygous deletion nor promoter methylation was detected. These findings suggest that other mechanisms may also be involved in regulating KLF5 expression in certain breast cancers. Furthermore, only one of the 30 cancer cell lines tested exhibited a mutation within the KLF5 gene, indicating that KLF5 mutation occurs relatively rarely in breast cancer. Consistent with our mutation data, no germline mutations of KLF5 were found in 19 breast cancer families (Rozenblum et al., 2002) . Because promoter methylation is not responsible for the loss of expression in the cancer cell lines, these findings suggest that hemizygous deletion and associated loss of expression, or haploinsufficiency, is likely to be a major mechanism by which KLF5 function becomes insufficient during breast carcinogenesis.
Knudson's two-hit theory of tumor suppressor inactivation, in which one allele is mutated while the other is often deleted, has led to the identification of many tumor suppressor genes. As chromosomal deletion can confer one hit, it has been widely used to define tumor suppressor loci. To date, a large number of chromosomal regions with deletions have been identified in various common human cancers. In contrast, the number of genes found with mutations in human cancers is relatively small. One possible explanation for this discrepancy is haploinsufficiency, where the loss of one chromosome at a locus reduces gene expression levels. Our current findings support the hypothesis that haploinsufficiency plays a role in breast cancer. Role of tumor suppressor haploinsufficiency in carcinogenesis has been demonstrated for several genes, including PTEN and p27/Kip in knockout mouse models (Di Cristofano et al., 1998; Fero et al., 1998).
We are currently analysing the effect of haploinsufficiency at KLF5 on cell growth and differentiation in a knockout mouse model.
Our data suggest that LOH occurs more frequently than quantitative hemizygous deletion, as 19 out of 30, or 63% of cases exhibited LOH versus 13 out of 30, or 43% that exhibited hemizygous deletion. Nine of the 13 (69%) cases with hemizygous deletion also exhibited LOH. However, the other four cases showed quantitative deletion at KLF5, but LOH was not detected by the HOMOD method. By definition, a case with hemizygous deletion should also show LOH. One possible explanation for these four cases with hemizygous deletion in the absence of LOH is that LOH occurred in a smaller region around KLF5 that was not detectable by the HOMOD method.
KLF5 belongs to the Kruppel-like family of transcription factors, which is characterized by three zincfinger domains. These genes are believed to play important roles in regulating a diverse range of biological processes, including cellular proliferation and differentiation (Dang et al., 2000) . This family of transcription factors is involved in several aspects of tumorigenesis, including growth control, apoptosis, and angiogenesis (Black et al., 2001) . It has been demonstrated that KLF5 can bind to CACCC motifs and thereby regulate the expression of other genes (Conkright et al., 1999; Shi et al., 1999) . Another member of this family, KLF4, is significantly downregulated during intestinal tumorigenesis (Ton-That et al., 1997). More recently, KLF6 was reported to act as a tumor suppressor gene in prostate cancer (Narla et al., 2001) . Thus, it is likely that down-regulation of KLF5 alters the expression levels of a series of genes that control cellular proliferation and/or differentiation. Such alterations may represent an important step in the development and progression of cancer.
In a recent study, loss of 13q was predicted to be one of the earliest genetic events in hereditary breast cancers (Kainu et al., 2000) . The minimal region of deletion was identified between markers D13S1317 (51.02 cM) and D13S166 (55.3 cM) at 13q21-22 by both CGH and linkage analysis (Kainu et al., 2000) . KLF5 is located in this region, approximately 1.1 Mb centromeric to D13S166 (Chen et al., 2001) . This finding suggests that KLF5 may also play a role in hereditary breast cancer.
In previous studies, we have shown that deletions in the same region of 13q21 are also frequent in carcinomas of the prostate, ovary, endometrium, and cervix (Chen et al., 2001) . CGH analysis has also detected quantitative deletion of 13q21 in many other cancers (Knuutila et al., 1999) . Thus, it is likely that inactivation of KLF5 by hemizygous deletion-induced loss of expression plays a role in the development of many types of neoplasm.
In summary, KLF5 is the only gene from a common region of deletion at 13q21 that frequently undergoes hemizygous deletion and loss of expression in breast cancer. In the absence of quantitative hemizygous deletion, LOH was insufficient to induce loss of KLF5 
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KLF5 in breast cancer C Chen et al expression. Neither mutation nor promoter methylation was a common occurrence at KLF5 in breast cancer. The functional restoration of KLF5 by exogenous overexpression inhibited cell proliferation. These findings suggest that KLF5 is a candidate tumor suppressor gene that is inactivated in breast cancer primarily through hemizygous deletion-induced loss of expression. This study provides the basis for further analysis of KLF5 in cancer development.
Materials and methods

Non-neoplastic and neoplastic human breast epithelial cells
A sample of total RNA derived from normal human mammary gland was purchased from Clontech (Palo Alto, CA, USA). The immortalized non-neoplastic breast epithelial cell line BRF-97T and the breast cancer cell line BRF-71T1 were purchased from Biological Research Faculty & Facility (BRFF, Ijamsville, MD, USA). All other breast cancer cell lines, listed in Figure 4 , were purchased from the American Type Culture Collection (ATCC) (Manassas, VA, USA) and were propagated according to the conditions recommended by ATCC. Genomic DNA samples were isolated using the Blood & Cell Culture DNA Midi Kit from Qiagen (Valencia, CA, USA), and total RNA was isolated from cytoplasm of cells using Qiagen's RNeasy Maxi Kit.
Reverse transcription -polymerase chain reaction (RT -PCR)
RNA samples were treated with DNase I to remove contaminating genomic DNA. Using the Superscript cDNA synthesis system (Invitrogen, Carlsbad, CA, USA), first strand cDNA was synthesized from 2 mg of total RNA with oligo(dT) primers. Ribonuclease H was then added to the reaction mixture, which was heated to 378C for 15 min. The resulting cDNA was purified using the Qiaquick PCR Purification Kit (Qiagen) and resuspended in 100 ml of water. Two ml of this purified cDNA were included in each PCR. Primer sequences for the genes/ESTs tested have been either described previously (Chen et al., 2001) or are as follows:
The Platinum Taq Polymerase (Invitrogen) was used for RT -PCR. In a volume of 20 ml, 28 cycles were used to amplify bactin, whereas 35 cycles were used to amplify the various other genes and/or ESTs.
Duplex PCR
Duplex PCR was performed as previously described (Dong et al., 2000) . Primer sequences for markers in Figure 3 were: 5'-GATTTGATCCATTTAGGGGC-3'/5'-CACTGTGGACTT-TGATACTTGG-3' (530F3M4), 5'-GACTGAGGCACTGT-CTCGTC-3'/5'-GTTCGTTCTTCCCGAGATGG-3' (KLF5), and 5'-AGACTAAATCTGTGTTGCCC-3'/5'-AATTAGT-GGCCTGGCAGTGG-3' (530F3M5).
Real time PCR assay
Real time TaqMan PCR was performed using the ABI PRISM 7700 Sequence Detection System (PE Applied Biosystems, Foster City, CA, USA). All reagents, including synthesized primers and probes, were purchased from PE Applied Biosystems. DNA sequences and final concentrations for primers and TaqMan probes were: 5'-CTTCCACAA-CAGGCCACTTACTT-3' (KLF5 forward, 60 nM), 5'-AGA-AGCAATTGTAGCAGCATAGGA-3' (KLF5 reverse, 120 nM), 5'-VIC-TCACCACCAAGCTCAGAGCCTGGA-TAMRA-3' (KLF5 probe, 100 nM), 5'-CAGGTGGGCAC-GGGTTT-3' (KAI1 forward, 30 nM), 5'-TCCTCGCG-ACTGCTGTTGTA-3' (KAI1 reverse, 60 nM), and 5'-FAM-AGGAAATCTGACCCTGACCTTTGTCCTCC-TAMRA-3' (KAI1 probe, 100 nM). Primers and TaqMan probe for bactin were purchased from PE Applied Biosystems. For detection of deletions, samples containing 20 ng of genomic DNA were subjected to amplification by PCR in a volume of 50 ml with one pair of primers derived from exon 2 of KLF5 and one pair derived from the KAI1 gene, which served as an internal control (non-deleted) sequence. For expression analysis, the same pair of KLF5 primers were used with bactin as an internal control. All reactions were performed in triplicate with 40 cycles using standard program, and DNA or RNA levels were determined by the standard curve method. For deletion analysis, the average ratio of KLF5 to the internal control KAI1 in non-neoplastic samples, which included the BRF-97T non-neoplastic cell line and 15 normal DNA samples derived from the blood of healthy individuals, was defined as 100, and the ratio for each sample was normalized accordingly. For expression analysis, the ratio of KLF5 to internal control b-actin in the non-neoplastic cell line BRF-97T was defined as 100, and the ratio for each sample was normalized accordingly. A sample was designated as having a deletion or loss of expression if the ratio of KLF5 to KAI1 or KLF5 to b-actin, respectively, was 50+5 or less.
Northern blot analysis
The probe used in Northern blot analysis was amplified from the KLF5 cDNA by PCR using primers 5'-CCCTACCCAG-CAGGGCCACC-3' and 5'-GGAACGGGTCACACGGGC-AG-3'. After purification with the Qiaquick PCR Purification Kit (Qiagen), the DNA probe was labeled by random priming with a-32 P-dCTP (Invitrogen). Blots were hybridized at 688C for 1 h in QuikHyb solution (Stratagene, La Jolla, CA, USA) and washed according to a standard protocol. After KLF5 blots were exposed to X-ray film, the same membrane was stripped and re-hybridized with a b-actin probe.
PCR-single strand conformational polymorphism (SSCP) and direct DNA sequencing SSCP analyses and direct DNA sequencing were performed as previously described (Chen et al., 2001) . PCR primers flanking each of the KLF5 exons were used and the sequences were: 5'-AGCTGCGCCCCCGAGTG-3'/5'-CCCAGCCTG-GAGCGGCCCCTGT-3' (exon 1), 5'-GTTCGTTCTTCC-CGAGAT GG-3'/5'-AATGGCAAC AGGTTC TGTCTTG-3' (exon 2a), 5'-ATCAAGACAGAACCTGTTGCC-3'/5'-TCC-ATTGCTGCTGTCTGATTTGTAG-3' (exon 2b), 5'-CCC-TACCC AGCAGGGCCACC-3'/5'-AG GCTC TGAGCTTG-GTGGTG-3' (exon 2c), 5'-CTTCCACAACAGGCCACT-TACTT-3'/5'-TTCAACCAGGTAAGAGCACATAC-3' (exon 2d); 5'-GATCTCCAAAATGACATGCTG-3'/5'-TAAAAG-GATGAATACCACTTACAC-3' (exon 3), and 5'-GCAG-GCCGCT TTACCTCCTTTG-3'/5'-GGAACGGGTCACAC-GGGCAG-3' (exon 4).
Detection of DNA methylation
For methylation detection, genomic DNA was treated with bisulfite, as described previously (Herman et al., 1996) . Samples were then subjected to amplification by PCR using primers 5'-GGAGTTGGGTGAAATAGAGG-3' and 5'-CC-TCTTACCTCTCCCAAACC-3', which spanned 632 bp of GC-rich DNA in the promoter region and exon 1 of KLF5. Purified PCR products were then subjected to two independent procedures to detect methylation. First, the PCR products were digested with Bst UI, which cleaves the wildtype fragment at 13 sites, and analysed by agarose gel electrophoresis. A change in the pattern of fragmentation indicated the presence of methylation. Second, the 33 P-labeled PCR products were subjected to SSCP analyses, to search for shifted bands, which would indicate the presence of methylation. In Bst UI digestion experiments, the positive control was a 392 bp PCR product amplified from untreated BRF-97T DNA using primers 5'-CCGCTGTCTGAG-GAGTCCACCC-3' and 5'-ACCAGGTCCTCTGGAGGCA-GCCG-3'. There are 10 Bst UI sites in the positive DNA fragments. The positive control in SSCP analysis was a PCR fragment amplified from IMAGE cDNA clone 2256867 which has a T4G point mutation at 635 from ATG start codon, with primers for exon 2b of KLF5 as described in the mutation screening section.
Homozygosity-mapping-of-deletion (HOMOD) analysis
HOMOD analyses were performed as described in our previous study (Chen et al., 2001) . Ten polymorphic markers (D13S1291, D13S1318, D13S131, D13S258, D13S152, D13S745, D13S791, D13S1326, D13S166, and D13S269) surrounding KLF5 were tested to determine allelic status. Primer sequences for these markers are available from the Genome Database (http://gdbwww.gdb.org).
Gene transfection and colony forming assay
The coding region of the KLF5 cDNA was cloned into the EcoRI and XhoI sites of the mammalian expression vector pcDNA3.1 (Invitrogen, Carlsbad, CA, USA). The resulting construct was designated as pcDNA-KLF5. Positive clones were identified by restriction enzyme digestion and verified by DNA sequencing. Six-well tissue culture clusters were seeded with 5000 T-47D cells per well. Purified plasmid DNA (0.5 mg) for either pcDNA-KLF5 or vector alone was transfected into cells using the LipofectAMINE reagent (Invitrogen). Twenty-four hours after transfection, the culture medium was replaced with medium including G418 (1 mg/ml, Invitrogen), and thereafter the selection medium was replaced every 3 days. After 2 weeks of selection in G418, cells were fixed with 2% formaldehyde and stained with 0.5% crystal violet. The number of colonies in each well was counted.
